A high-Q silica whispering-gallery mode microresonator is an attractive platform on which to demonstrate a broad and phase-locked Raman comb in various wavelength regimes. Raman combs can be used for applications such as compact pulse laser sources, sensors, optical clocks, and coherence tomography. However, the formation dynamics of a Raman comb has not been well exploited. Here we study the dynamics of the Raman comb formation in silica rod microresonators, which have cavity free spectral ranges in microwave rates. We generated a Raman comb with a smooth spectral envelope and also observed the transition between two Raman combs located at different center wavelengths. The transition behavior was obtained when we changed the pump detuning and the coupling strength between the microresonator and fiber. We also explain these phenomena by using a simple model based on coupled mode equations.
INTRODUCTION
Stimulated Raman scattering (SRS) is an optical nonlinear process that can generate red-shifted light from pump light via the interaction between light and molecular vibrations. The wavelength shift is determined by the vibration mode frequencies of the host material. Although SRS can provide lasing action and optical amplification, it usually requires very high intense pumping. Therefore, previous work relied on pulse excitation for Raman lasing [1] [2] [3] . On the other hand, optical microresonators with a high quality factor (Q) and a small mode volume enable us to demonstrate low threshold lasing with continuous wave (CW) pumping. Indeed, microresonator-based Raman lasing with a CW pump has been reported using silica [4] [5] [6] [7] [8] [9] , silicon [10, 11] , fluoride materials [12] [13] [14] , and even other materials [15] [16] [17] [18] .
Recently, multi-mode Raman lasing, which is often referred as a Raman comb, has been reported [9, 13, 14] . A phase-locked Raman comb was demonstrated using a crystalline microresonator in a weak normal dispersion regime [13, 14] . Even a soliton Raman comb has been demonstrated in a silica disk microresonator in an anomalous dispersion regime, by transferring a four-wave mixing (FWM) comb to a long wavelength regime via Raman processes [9] . Although microresonatorbased FWM combs usually require an anomalous dispersion, Raman combs have an advantage that they can be generated with a normal dispersion because SRS occurs regardless of the dispersion. Phase-locked Raman combs can be used for such applications as compact pulse laser sources, sensors, optical clocks, and coherence tomography.
Despite these various potential applications, the formation dynamics of a Raman comb has not been well understood. Since silica exhibits broadband Raman gain consisting of many molecular vibration modes [19, 20] , the generated Raman comb usually has a complex spectrum shape and is unstable. Here we studied the detailed dynamics of Raman comb formation in silica rod microresonators, which have cavity free spectral ranges (FSRs) in microwave rates. We focused particularly on the frequency shift within the Raman gain with two large peaks at 13.2 THz (Peak 1) and 14.7 THz (Peak 2). Silica microresonators with a small cavity FSR (large diameter) were used for this study because a large number of resonant modes are present within the Raman gain spectrum. In our experiment, we excited one of the specific peaks and tried to generate a Raman comb with a smooth spectral envelope by controlling the pump detuning and the coupling strength. The controllability of a Raman comb is the key to various applications. In addition, a good understanding of the Raman comb formation is also important for comb generation via FWM because these processes compete inside a microresonator [9, [21] [22] [23] [24] [25] [26] .
The paper is organized as follows. The experiment is described in §2, where the generation of a smooth Raman comb and the peak transition are studied. Then a numerical approach based on coupled mode equations is used to explain the peak Optical spectra (blue) and a theoretical Raman gain pumped at 1540 nm (red). Raman gain has two large peaks with frequency shifts of 13.2 THz (Peak 1) and 14.7 THz (Peak 2). The pump frequency does not affect the amount of frequency shift but affects the gain intensity (proportional to the pump frequency). The generated Raman comb had a smooth spectral envelope whose center wavelength corresponded to Peak 2. The inset shows the beatnote signal measured by detecting the generated Raman comb. The 3 dB linewidth is less than hundreds kHz. transition behavior in §3. Finally, we conclude in §4.
EXPERIMENT
Figure 1(a) shows our experimental setup. A CW laser light with 100 kHz linewidth was amplified and then coupled to a silica rod microresonator by using a tapered fiber. The coupling strength was adjusted by changing the fiber position. Silica rod microresonators with an intrinsic Q (Q i ) over 100 million were fabricated by using CO 2 laser processes [27, 28] . We used a microresonator with a diameter of 3.6 mm, which corresponds to a cavity FSR of 18.2 GHz. The pump light was scanned from a short to a long wavelength to generate a Raman comb, because the resonance was shifted via thermal effects [29] . The output light was monitored with an optical spectrum analyzer. In addition, the Raman comb was employed to measure its beatnote signal by using a 20 GHz photodetector connected to an electrical spectrum analyzer. under-coupling condition. The pump energy at 1540 nm was transferred to components with a longer wavelength of around 1665 nm via SRS. The red line shows the theoretical Raman gain spectrum when the pump is located at 1540 nm. With 1540.0 nm pumping, the two peaks, Peaks 1 (13.2 THz shift) and 2 (14.7 THz shift), are located at wavelengths of 1651.9 and 1665.7 nm, respectively. Due to the complex shape of the Raman gain spectrum, a Raman comb with an asymmetric spectrum is usually excited when parameters such as the excitation power and the coupling condition between the microresonator and fiber are not adjusted. Only when we carefully adjust the parameters, do we obtain a Raman comb with a smooth spectral envelope as shown in Fig. 1(b) . In this experiment, higher order cascaded SRS was hardly observed.
First, we investigated the transition of the Raman comb position between two peaks, Peaks 1 and 2, within the Raman gain spectrum. Figure 2 shows spectrum formation via SRS while decreasing the detuning between the resonance and pump frequencies. The pump light with large detuning generated SRS close to the Peak 1 wavelength. Decreasing the detuning caused SRS in a longer wavelength regime, whose offset from the pump matched Peak 2. By further decreasing the detuning, we observed an energy transfer from Peak 1 to Peak 2 and the suppression of the Raman light at Peak 1. The Raman energy transition was also observed with another silica rod microresonator, which has a cavity FSR of 32.4 GHz. Hence, by controlling the detuning, we can selectively generate a Raman comb with an offset wavelength at Peak 1 or Peak 2. Such behavior is also observed in silica fibers when the input power is changed [2] . Although a detailed explanation is given in §3, it can be described briefly as follows. Since the gain of Peak 1 is slightly higher than that of Peak 2, Peak 1 reaches the SRS threshold first. As Peak 2 is excited directly from the pump and light generated at Peak 1, it reaches the lasing threshold as the pump power is further increased. With a silica microresonator with an anomalous dispersion, the competition between the SRS and FWM thresholds is given as P SRS in /P FWM in ≈ (2ω 0 n 2 )/(cg R(max) ) ≈ 2.9, which implies that the FWM occurs before generating SRS [4, 30] . ω 0 is the pump mode frequency, n 2 is the nonlinear refractive index of silica, c is the speed of light, and g R(max) is the maximum Raman gain of silica in m/W units. However, in our experiment, typical degenerate FWM caused by modulation instability did not occur while changing the detuning. Although the mode family used in this experiment has an anomalous dispersion, the mode coupling changes it so that it exhibits an effective normal dispersion locally around the pump. Hence mode couplings with other mode families disturbed FWM generation. The mode family property was confirmed experimentally by performing a dispersion measurement with a fiber Mach-Zehnder interferometer calibration [31, 32] .
Next, we investigated coupling strength dependency. We controlled the coupling strength by changing the tapered fiber position and measured the comb spectra with near zero pump detuning (Fig. 3) . The coupling strength is defined as η = κ c /κ (η = 0.5 denotes critical coupling). κ and κ c are the cavity decay rate and the coupling rate with the waveguide, respectively. κ has the relation as Q = ω 0 /κ and κ = κ i + κ c . Q is the effective cavity Q and κ i is the intrinsic loss rate. Figure 3 shows that weak coupling induced the generation of a Raman comb at Peak 2, while strong coupling results in the excitation of Peak 1. The coupling strength values are obtained from the linewidth of the measured cavity resonance modes.
Longer wavelength modes are excited from modes at shorter wavelengths, that induces the center wavelength of a Raman comb shifts via SRS. Figure 4(a) shows the center wavelength (red) and 3 dB bandwidth (blue) of a Raman comb as a function of the pump wavelength. The amount of the center wavelength shift was much larger than that of pump scanning, whose ratio is about 37. Figure 4(b) shows Raman comb spectra with different pump wavelengths, which indicate that the comb envelope broadens to a longer wavelength. The center wavelength shift of a mode-locked soliton pulse (corresponding to the pulse delay in the time domain) has been observed in optical fibers [33] and microresonators [24] . Since the Raman comb generated in this experiment did not propagate as a soliton pulse, the ratio of the center wavelength shift was small.
To examine the coherent property of the output light, we measured the beatnote signals with a fast photodetector. It can be directly measured because the generated Raman comb has mode spacings in microwave rates. The measured beatnote signals exhibit multiple peaks when the output is not a smooth spectrum, because Raman light is generated in various mode families. On the other hand, when we obtain a Raman comb with a smooth spectrum envelope, it has only one peak with a 3 dB linewidth of less than hundreds kHz as shown in the inset of Fig. 1(b) . The linewidth is limited by the presence of the dispersion, because each SRS line is located at the center of each resonance mode. Although a linewidth in the kHz range cannot be regarded as phase locking, it has the potential to obtain smooth and phase-locked Raman combs through optimizing the operation wavelength, cavity dispersion, and stabilization techniques. In particular, according to previous reports [13, 22] , pumping in a weak normal dispersion regime is suitable for generating phase-locked Raman combs.
COUPLED MODE EQUATIONS WITH RAMAN PRO-CESSES
To study the energy exchange between the pump and other resonant modes covered by Raman gain, we calculated the numbers of intracavity photons by using coupled mode equations taking Raman processes into account. This calculation is used to obtain the dynamics of energy exchange via SRS, as functions of coupling strength and detuning between pump and resonant frequencies. The internal field in each mode a m (m = 0, 1, 2, · · · ) has the resonance frequency ω m = ω 0 − mD 1 , where ω 0 is the pump mode frequency and D 1 is the cavity FSR in rad·Hz units. The time evolution of these fields is given by
Here s in is the input field |s in | 2 = P in /(hω 0 ), P in is the power input into the coupling waveguide,h is the Planck constant divided by 2π, and ∆ω 0 represents the pump detuning from the resonance. The input field is only added to the equation for pump mode (m = 0). The number of intracavity photons in each mode corresponds to |a m | 2 , which can be converted to power byhω m |a m | 2 × D 1 /2π. The nonlinear Raman coefficient is written as
where j and k represent the mode numbers (j, k ∈ 0, 1, 2, · · · ), n is the effective refractive index of the resonance mode, and A eff is the effective nonlinear mode area. g R (ω j , ω k ) represents the Raman gain in silica with the frequency shift |ω k − ω j | when pumping at a frequency ω j . For 1550 nm pumping with silica, the Raman gain value is 6.2 × 10 −14 m/W at a 13.2 THz shift [19, 20] . The gain value is in proportional to the pump frequency. κ, κ c , κ i , and A eff are regarded as independent of the mode number m. Figure 5 shows the lasing action for different coupling conditions as a function of the detuning, which is normalized by κ. The calculation parameters are shown in Table 1 , which follow our experimental condition. A eff is calculated by using a mode solver based on the finite element method. We set the number of modes at 1001, which corresponds to a wavelength range of 1540.0 to 1698.8 nm. With larger detuning, SRS does not occur because the intracavity power is below the threshold. After exceeding the threshold, red-shifted light starts to appear close to Peak 1 in the Raman gain (1651.9 nm). This is because the gain value at Peak 1 is larger than that at Peak 2. When the detuning is even smaller, the SRS wavelength moves close to the Peak 2 (1665.7 nm) due to the simultaneous excitation by two components; i.e. by the pump and Raman light at Peak 1. The calculation shows the clear transition of the SRS light from one wavelength to another, which is dependent on the detuning.
In addition, the peak transition is dependent on the coupling strength. When the coupling strength is weak, SRS is generated at Peak 2. When the coupling strength is even weaker, the system does not exhibit SRS because the intracavity pump power does not reach the threshold. On the other hand, the critical coupling condition does not allow us to achieve SRS due to the relatively low effective Q. The calculation results show that a smaller detuning and weaker coupling strength are needed to generate SRS efficiently, and the result agrees with our experimental observations shown in Figs. 2 and 3 . Although weak FWM comb lines (i.e. close to the pump light) were observed in our experiment as shown in Fig. 2 , they do not greatly influence the result because the unequal spacings of the SRS comb Table 1. lines do not strongly interact via FWM. Therefore, our model where no FWM processes are taken into account is sufficient to describe the phenomena.
We observed some differences between the experiment and the numerical analysis. We observed multi-mode lasing in the experiment, while the system exhibited lasing at a few modes in our numerical analysis. This is because the numerical analysis considers only one mode as a pump, and that mode is modeled with the mean field in a microresonator. The pump intensity is clamped after the SRS occurs and this inhibits the lasing of other resonant modes, because all SRS modes share the same pump mode. However, in the experiment, all the molecules at different sites exhibit different vibration frequencies, which is the origin of the inhomogeneous broadening of the Raman gain [20] . Hence, we obtained multi-mode Raman lasing in the experiment. Despite this difference, the energy transition behavior from Peak 1 to Peak 2 is explained by using our model.
CONCLUSION
In conclusion, we generated Raman combs from a silica rod microresonator with an 18.2 GHz FSR and controlled the center wavelength via detuning and coupling optimization. In the experiment, reducing the detuning leads to the Raman energy transition from Peak 1 to Peak 2, which is similar behavior to that observed in silica fibers. Also, weak coupling induced to generate a Raman comb at Peak 2, while strong coupling results in only the excitation of Peak 1. Those observations are in agreement with those of a simulation, which were calculated by using coupled mode equations taking Raman processes into account. In addition, we observed the center wavelength shift of a Raman comb, with a shift that is 37 times larger than that of pump scanning.
This study provides an explanation of the formation dynamics, which must be understood if we are to generate smooth and phase-locked Raman combs. Since phase-locked Raman combs can be generated in a normal dispersion regime, it will expand phase-locked comb generation towards the visible wavelength regime, which is difficult to demonstrate with conventional FWM processes. Such phase-locked Raman combs can be used for applications such as compact pulse laser sources, sensors, optical clocks, and coherence tomography.
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